Abstract: For exploration and development the geologists and engineers try to know the true stratigraphic thickness (t). The monoclinal and folded bed models are published methods for t calculation. Both models assume parallel beds which can lead to significant deviations. In order to calculate the values of t considering the effects of both folding and stratigraphic variation we propose the 'folded wedge model'. Three are considered: β 1 , the bed dip at the point where the well enters; β 2 , the bed dip at the point where the well leaves; and α, the deviated angle of borehole (angle between vertical and borehole). Three values of t can be obtained: the value measured normal to top (t 6 ); the value measured normal to bottom (t 7 ); the average value measured normal to bottom and top (t 8 ). The folded wedge model is applied to the Cantarell oil field complex obtaining more reasonable values of t than using the existing methods.
Introduction
True stratigraphic thickness is the thickness of stratigraphic unit measured normal to the bedding surface (Bateman and Konen, 1979; Holt et al., 1977) . True thickness can be derived from information determined by the dipmeter (e.g. Norman and Thibodaux, 1964) . Some other methods such as borehole images, or borehole geophysical logs can also determinate the stratigraphic thickness. The log thickness of a given stratigraphic interval can be thicker, equal to, or thinner than that seen in a vertical well drilled through the same stratigraphic section because of formation dip (e.g. Travis, 1979; Bateman and Konen, 1979) . As long as dips and deviations do not exceed a few degrees, the simple vertical-horizontal case is approximated closely enough by the actual logs. However, if borehole deviations and bed dips exceed about ten degrees, corrections are needed. Traditional method of correction is based on the assumption that the bed thickness does not change from the point that the well enters to the point that the well leaves (e.g. Bateman and Konen, 1979; Groshong, 1999; Tearpock and Bischke, 2003) . However, this assumption is approximate, because the vertical and horizontal stratigraphic changes are generally of subtle in nature (e.g. Drummond and Wilkinson, 1996; Drummond, 1999; Dadlez, 2003) . Xu et al. (2007) proposed a folded bed model to calculate the true stratigraphic thickness. This model considers the cases where the attitudes of the bed are different between the point where the well enters and the point where the well leaves due to folding. This model is still a parallel bed model. If the upper surface and lower surface for the sedimentary beds are not parallel to each other, the folded parallel bed model is not appropriate to calculate the true stratigraphic thickness.
For offshore exploration and development, multiple deviated wells are commonly needed in the fixed platforms. Therefore, the true stratigraphic thickness is important in inclined beds and deviated wells, since reservoir volume and isopach depend on the true stratigraphic thickness and not on the directly measured thickness. In this paper, a general method is proposed to calculate the true stratigraphic thickness considering the effects of both stratigraphic variation and folding.
Wedging bed model for calculation of the value of t
Before starting the wedging bed model, we review on the published parallel bed models (e.g. Lindqvist, 1982; Lisle, 2003; Evenick, 2008) . At first, the monoclinal bed model is reviewed here. This model does not consider the changes of neither stratigraphic thickness nor the attitude in the vicinity of the region where the well crosses.
Under the assumption that both the bed azimuth and the well azimuth are the same, the values of t can be calculated as the following equation (Xu et al., 2007) t 1 = h m cos (β+ α)
where h m is the distance between the point where the well enters and the point where the well leaves, β is the bed dip, and α is the deviation angle of borehole . Similarly, if the bed azimuth is opposite to the well azimuth, the values of t can be calculated as following equation
On the other hand, for the concentric folded bed model, it is considered the change of bed attitude only due to folding or flexturing but not due to stratigraphic variation in the region where the well crosses (Xu et al., 2007) . If the bed azimuth is the same as the well azimuth, the true stratigraphic thickness is 2 cos
where β 1 is the bed dip at the point where the well enters and β 2 , the bed dip at the point where the well leaves. Likewise, if the bed azimuth is opposite to the well azimuth, the value of t can be estimated by 2 cos
For establishing a 'folded wedge model', we first introduce the 'wedging bed model'. The wedging bed model considers only stratigraphic variation in the region the well crosses but not the change of bed attitude due to folding or flexturing. Three cases are considered according to the surface referenced. First, the true thickness is measured normal to the top bed surface. Second, the measurement is made normal to the bottom surface. Third, the average value measured normal to bottom and top.
On the other hand, the value of α needs to be corrected if the dip direction on the top of the bed is not the same as the well azimuth. The apparent deviation angle (α') in the dip direction of the bed can be calculated by: α' = arc tan (tan α cos γ), where γ is the intersection angle between the strike of the top surface of the bed and the well azimuth.
Note that the value of α' is negative when γ = 90-270°. Thus this equation can be applied to the following models in the case of deviated wells. Figure 1 shows that both the top and bottom of the bed are inclined. The tilting of the bed would be due to sedimentation, deformation etc. (e.g., Pallesen and Ottesen, 2002) . For calculation, we consider two combinations between the well azimuth and bed azimuth. Figure 1 (a) shows that the well azimuth is the same as the bed azimuth. The true stratigraphic thickness at point A can be estimated by the Law of Sines in triangle ABC. 
Measurement normal to the top surface for wedging bed model
Specially, if the well is vertical, equations (5) and (6) can be written as
Figure 1 Sketches showing the wedging bed models Notes: In (a) and (b), the bed thickness is measured normal to the top boundary. For (a), the well azimuth is the same as the azimuth of the bed. For (b), the well azimuth is opposite to the azimuth of the bed. In (c) and (d), the bed thickness is measured normal to the bottom. For (c), the well azimuth is the same as the azimuth of the bed. For (d), the well azimuth is opposite to the azimuth of the bed.
Measurement normal to the bottom
In this case, the thickness is measured normal to the lower bed boundary, where the well leaves that bed. If the borehole is drilled by deviated angle, also, there are two combinations between the well azimuth and bed azimuth. Figure 1 (c) shows that the well azimuth is the same as the azimuth of the bed. The true bed thickness (t 3 ) can be estimated according to the Law of Sines. For the right triangle ACB, ∠ACB = 90°,
Similarly, when the well azimuth is opposite to the azimuth of the bed [ Figure 1 (d)], the true bed thickness (t 3 ) can be estimated as
Particularly, if the well is vertical, equations (8) and (9) can be written as
Average value measured normal to bottom and top
According to equations (8) and (5), or equations (9) and (6), we can obtain that t 4 / t 3 = cos(β 2 -β 1 ) < 1.
This equation indicates that the true thickness measured normal to bottom is always smaller than that measured normal to top. In some case, the more realistic measure may be somewhere between the two special cases. Therefore, approximately, their average value can be used as the true stratigraphic thickness, which may be more meaningful than the values of the two special cases. In this way, the true stratigraphic thickness can be calculated by t 5 = (t 4 + t 3 )/2. If the well azimuth is the same as the azimuth of the bed, the value of t 5 is
If the well azimuth is opposite to the azimuth of the bed, the value of t 5 will be
Specially, for the vertical boreholes, the true stratigraphic thickness is calculated by
Folded wedge model
Generally, when β 2 ≠ β 1 (β 2 > β 1 or β 2 < β 1 ), the bed can be considered as a folded and stratigraphic variation bed. That is to say, both the stratigraphic variation in the region where the well crosses and the change of bed attitude due to folding or flexturing should be considered. We define this model as folded wedge model. In this case, the true stratigraphic thickness can not be estimated by accurate mathematical formula (Figure 2 ), but its approximate value can be obtained. In Figure 2 , AF is the true stratigraphic thickness (t 3 ) measured normal to the top surface for the wedging bed model. AD is the true stratigraphic thickness (t 2 ) for the folded bed model. The true stratigraphic thickness (AG) for the folded wedge model is always between the values of t 2 and t 3 [Figures 2(a), 2(b), 2(c) and 2(d)]. Therefore, the true value can be approximately estimated by
When the well azimuth is the same as the azimuth of the bed, according to equations (3) and (5) 
Particularly, for the vertical wells (α = 0), the value of t 6 can be calculated as (8) and (19), the value of t 7 can be
On the other hand, when the well azimuth is opposite to the azimuth of the bed [Figure 3(b) ], according to Appendix A, the value of AD' is
where the value of ϕ is
Then, by combining equations (9) and (21), the value of t 7 is
In the case of an antiform, if the well azimuth is the same as the azimuth of the bed [ Figure 3 (c), Appendix A], the value of AD' is
where ϕ = (β 2 -β 1 ) /2.
Therefore, the value of t 7 can be inferred from equations (8) and (23)
Likewise, when the well azimuth is opposite to the azimuth of the bed [Figure 3(d) ], the value of t 7 is determined by equations
where ϕ = (β1-β2)/2. If the average value from the measurements normal to upper and lower surfaces is used as the true thickness, the approximate value of t for the folded wedge model may be t 8 = (t 7 + t 6 )/2. In this way, for a synform, in which the well azimuth is the same as the azimuth of the bed, by combining equations (16) and (20): and when the well azimuth is opposite to the azimuth of the bed, by combining equations (17) and (22) . (27) On the other hand, in the case of an antiform, when the well azimuth is the same as the azimuth of the bed, by combining equations (16) and (24) we get: . (29) 4 Influence factors of the value of t for the folded wedge model
From equations (16) to (29), we can see that the value of t is dependent on the variables β 2 , β 1 , α, and ϕ, but the value of ϕ is not an independent variable (see Appendix A). Figure 4 shows the relationship between the values of β 2 , β 1 , and α respectively, and the value of t 6 . For the constant values of β 2 and α, when β 1 is smaller, it has negative relationship with the value of t 6 , whereas, when β 1 is larger, it has positive relationship The variation of t 8 is sketched in Figure 6 . For the constant values of β 2 and α, in the case where the bed dip direction is opposite to the well azimuth [ Figure 6 (a)], the form of curves for t 8 is dependent on the value of α. Generally, the value of β 1 has positive relationship with the value of t 8 , but for the larger value of α, there are local waves, for example, the curve for α = 40 in Figure 6 (a). In the case where the bed azimuth is same as the well azimuth, when β 1 is smaller, it has negative relationship with the value of t 8 , whereas when β 1 is larger, it has positive relationship [ Figure 6 By comparing three values of thickness calculated from the three special cases (Figures 4, 5 and 6), three characteristics can be seen:
1 The value of t 6 is largest, and the value of t 7 is smallest 2 The values of α, β 2 , β 1 , respectively, have different relationships with the value of t 6 or t 7 or t 8 3 the curves of three parameters (t 6 , t 7 and t 8 ) in the case where the bed azimuth is opposite to the well azimuth are more complicated than in the case where the bedazimuth is opposite to the well azimuth.
Deviation of the value of t for the existing models comparing with the folded wedge model
In order to understand the difference of the values of t between the folded wedge model and the two existing models (monoclonal bed model and folded bed model), the absolute deviation of the value of t for the monoclinal bed model is defined as A ti , and A tf is for the folded bed model. They are written as following equations
A tf = t 8 -t 2 .
(31) Difference of the value of t between the folded wedge model and the folded bed models (A tf ) in Figure 8 shows similar change characteristics to the value of A ti in Figure 7 . There is a little difference only in the form of curves between two figures. By comparing two parameters (A tf and A ti ), five characteristics are concluded:
1 the values of A tf and A ti can be either larger than or smaller than zero 2 the relationships between A tf or A ti and α, β 2 , β 1 , and h m , respectively, are different 3 for the same values of α, β 2 , β 1 , and h m , the value of A tf is different from the value of A ti 4 the change range of A tf is smaller than that of A ti , which indicates that the value of t for the folded bed model, compared with the monoclinal bed model, is closer to that for the folded wedge model 5 the curves of two parameters (A tf and A ti ) in the case where the bed azimuth is opposite to the well azimuth are more complicated than in the case where the bed azimuth is opposite to the well azimuth.
Example
The folded model is applied to the Cantarell oil field complex in the southern Gulf of Mexico (offshore, Campeche). The interpretation of geologic and geophysical data suggested that Cantarell is a fold-thrust belt and duplex structure (e.g. Angeles et al. 1994; PEMEX, 1999; Xu et al. 2004 ).). The stratigraphic units in this complex include Oxfordian, Tithonian, Cretaceous, and Tertiary system (Grajales et al., 2000) . The dolomitised breccias in the Upper Cretaceous and Lower Palaeocene (BKT) are selected to calculate the true stratigraphic thickness. The attitudes of the top and bottom of this unite were obtained from the structure contour maps. The stratigraphic depth data of wells were obtained from PEMEX. The boreholes are divided into two groups according to the deviated angles. Group 1 includes 161 boreholes with the deviated angel (α ≠ 0). Group 2 includes 23 vertical boreholes (α = 0). The boreholes of group 1 are divided into two sub-groups according to the values of bed dips. The first subgroup has 25 boreholes with The average value of the true bed thickness for the folded wedge model is less than that for the monoclinal bed model and the concentric folded bed model in both vertical wells and deviated wells ( Table 1) . The results show that in general, the monoclinal bed model and folded bed model overestimate the true bed thickness. By investigating the characteristics of values of t for each model, we introduce the parameter of standard deviation, which can be written as
where t is the values of the true stratigraphic thickness, n is total number of a dataset, S is standard deviation. This parameter describes the degree of variation of a dataset. Larger value indicates a larger degree of variation in a dataset. The results shown in Table 2 indicate that in all cases the values of S for t 8 are smaller than those for t 1 or t 2 . These results imply that the change of the bed thickness obtained from the folded wedge model is more reasonable than the change from the monoclinal bed model or folded bed model. By using the data of t, we can make isopach maps. As a result, three isopach maps of the true stratigraphic thickness for t 1 , t 2 , and t 8 can be obtained ( Figures 10, 11 and 12 ). There are local differences among three maps. For example, near point A, the area less than 200 m for the monoclinal bed model is larger than 1.5 km 2 , but that for the folded wedge model is less than 1.3 km 2 . For further comparison, we can measure systematic data from the maps. In this way, we measure data from five sections in each map. Also, the standard deviations are calculated for each datasets from each section. The results are shown in Table 3 . The average value (51.9) of standard deviation for the monoclinal bed model is larger than that for the folded bed model or folded wedge model. Once again, this indicates that the folded wedge model is better for calculation of the true stratigraphic thickness. 
Conclusions
When the attitude of the bed is not the same at the point the well enters as it is when the well leaves the bed, the folded wedge model should be considered to calculate the values of t. For calculation, the values in three cases are considered:
1 the value normal to bottom 2 the value normal to top 3 average of values normal to the bottom and top.
In each case, two combinations between the bed azimuth and the well azimuth are considered separately. The established equations reveal that the value of t 6 for the case 1 is largest, and that the value of t 7 for case 2 is smallest. The main influence factors of the values of t are the values of α, β 2 , β 1 , which, respectively, have different relationships with the value of t 6 or t 7 or t 8 . The changes of three values (t 6 , t 7 and t 8 ) in the case where the bed azimuth is opposite to the well azimuth are more complicated than in the case where the bed azimuth is opposite to the well azimuth. By comparing the folded wedge model with the existing models, we obtain the following results. First, the values of t for the folded wedge model can be either larger than or smaller than those for the monoclinal bed model or folded bed model. Second, the deviation of t for the monoclinal bed model is larger than that for the folded bed model. This suggests that the value of t for the folded bed model, compared with the monoclinal bed model, is closer to that for the folded wedge model. Third, the difference of t between the folded wedge model and two existing model in the case where the bed azimuth is opposite to the well azimuth are more complicated than in the case where the bed azimuth is opposite to the well azimuth.
For application, a case study from the Cantarell oil field complex in the southern Gulf of Mexico (offshore, Campeche) is given to test this method. The standard deviations of datasets for t from the folded wedge model are smaller than those from the monoclinal bed mode and folded bed model. This indicates that the folded wedge model can obtain more reasonable data. In general, the monoclinal bed mode and folded bed model will overestimate the true stratigraphic thickness. 
